INTRODUCTION {#SEC1}
============

The proliferating cell nuclear antigen (PCNA) is a homotrimeric protein arranged to form a circular ring-shaped structure which may encircle deoxyribonucleic acid (DNA) ([@B1],[@B2]), thereby acting as a molecular platform for DNA replication and repair enzymes ([@B3]). In addition, PCNA interacts with a large number of factors participating in transcription, chromatin remodeling, chromatid cohesion, as well as cell cycle regulation and apoptosis ([@B4]). PCNA plays a central role in these processes by coordinating the activity of multiple partners ([@B8],[@B9]). However, mechanisms regulating PCNA function, such as post-translational modifications, have emerged only recently ([@B10]).

Post-translational modifications of PCNA, such as ubiquitination and sumoylation, were the first to be unambiguously identified ([@B11]). PCNA monoubiquitination at lysine (Lys) 164 was shown to regulate DNA polymerase by switching interaction from DNA polymerase δ to DNA polymerase η, when the replication fork encounters a blocking lesion ([@B12],[@B13]). Lys107 ubiquitination was also described in response to DNA ligase I deficiency ([@B14]). Polyubiquitination of PCNA has been also shown to play important roles in maintaining genome integrity ([@B15]). PCNA monoubiquitination is also involved in somatic hypermutation, class switch recombination, and possibly in meiotic progression ([@B20],[@B21]). PCNA sumoylation is thought to be required for preventing fork collapse into double strand breaks ([@B22]).

Early studies suggested that PCNA was phosphorylated during DNA replication and repair ([@B23]). Later, phosphorylation at tyrosine 211 (Tyr211) by epidermal growth factor (EGF) receptor kinase ([@B26]), and c-Abl tyrosine kinase ([@B27]) were shown to regulate PCNA stability during DNA replication ([@B28]). The association with ERK8 kinase also influenced PCNA stability by regulating the interaction with MDM2, although no evidence that ERK8 could phosphorylate PCNA, was provided ([@B29]). Finally, Tyr114 phosphorylation has been recently reported to control adipocytes generation ([@B30]).

PCNA acetylation was suggested to regulate interaction with DNA polymerase β and δ ([@B31]). Acetylated lysines (Lys77, 80 and 248) were identified by mass spectrometry (MS) coupled to stable isotope labeling by amino acids in culture (SILAC) of mammalian cells ([@B32]). Mutational studies indicated that PCNA acetylation at Lys14 promoted its degradation after ultraviolet (UV) damage to inhibit DNA replication ([@B33]). However, the mechanism controlling PCNA removal from chromatin and its degradation after UV-induced nucleotide excision repair is unknown. This is an important determinant for genome stability, since excessive retention of PCNA on chromatin may endanger genome stability ([@B34],[@B35]). Although PCNA may interact with the lysine (K) acetyl transferase (KAT) p300 (KAT3B), during DNA repair ([@B36]), an *in vitro* assay suggested that PCNA was a poor substrate for this KAT ([@B37]). Thus, the enzyme/s responsible for PCNA acetylation and the role of this modification in DNA repair, remain to be elucidated.

Here, we have investigated the molecular mechanism underlying PCNA acetylation by assessing the interaction of PCNA with CREB binding protein (known as CREBBP, CBP, KAT3A), which shares a high degree of homology with p300 ([@B38],[@B39]). PCNA acetylation by CBP and p300 have been compared *in vitro*, and acetylated lysine residues have been identified by MS/MS. Site-directed mutagenesis of these amino acids resulted in impaired DNA synthesis, *in vivo* and *in vitro*. We also provide evidence that lack of PCNA acetylation in these mutants, or after CBP and p300 depletion in normal cells, resulted in the accumulation of chromatin-bound PCNA and significant reduction of its degradation after UV-induced DNA damage. Finally, by biochemical and genetic evidence, we show that PCNA acetylation and degradation are dependent on the cell ability to load PCNA for DNA repair synthesis. Our results indicate that CBP and p300 are required for PCNA acetylation to link DNA repair synthesis functions of PCNA with its removal from chromatin for proteolytic degradation.

MATERIALS AND METHODS {#SEC2}
=====================

Cell cultures, transfections, RNA interference and treatments {#SEC2-1}
-------------------------------------------------------------

LF-1 human embryonic fibroblasts (obtained from J.M. Sedivy, RI) and HeLa (ATCC) were grown in EMEM or in DMEM, respectively, supplemented with 10% FBS. XP20PV (XPA) and XP20BE (XPG) primary human fibroblasts were grown in HAM F10 and DMEM:HAM F10 (1:1) medium, respectively, supplemented with 10% FBS.

Transfection of HeLa cells was performed with Effectene reagent (Qiagen). In some experiments, Red Fluorescent Protein (RFP)-PCNA constructs were co-transfected with a plasmid for expression of GFP-H2B histone, to detect chromatin-bound proteins, or HA-p21 (live cell imaging), to facilitate detection of protein recruitment to DNA damage sites in non-S phase cells ([@B40]).

RNAi was performed in LF1 fibroblasts by transfecting with INTERFERin^TM^ reagent (PolyPlus), 20 nM of a pool of four different RNA oligos (ON-TARGETplus smart pool siRNA, Dharmacon, ThermoFisher) to p300, and CBP. Non-targeting control pool (D-001818--10), or targeting GFP, were used as control siRNA. Cell cultures were incubated in the presence of siRNAs for 48 h before UV irradiation. P300/CBP associated factor (PCAF) siRNA (Santa Cruz Biotech.) treatment was performed at 30 nM for 48 h ([@B41]).

UV-C light exposure was performed with a TUV-9 lamp (Philips). Local DNA damage was induced using polycarbonate filters (Isopore, Millipore) with 3-μm pore diameter, as described ([@B42]). Cell viability after UV irradiation of HeLa transfected cells was determined by counting detached RFP-positive cells that were also positive to trypan blue staining.

In some experiments, cells were treated before UV irradiation with 100 μM curcumin (Sigma), to inhibit p300/CBP activity ([@B43]), or with 100 μM aphidicolin (Millipore) plus 10 μM arabinosyl cytosine (araC, Sigma), to inhibit DNA synthesis ([@B44]). For proteasomal inhibition, cells were pre-treated with 50 μM MG132 (Sigma) for 30 min before irradiation, and maintained in the same medium for 30 min or 4 h. In experiments with other DNA damaging agents, LF-1 fibroblasts were treated for 30 min with 25 μM N-methyl-N′-nitro-N-nitroso guanidine (MNNG), or for 15 min with 0.1 mM potassium bromate (KBrO~3~), or with X-rays (10 Gy). Drugs were removed and cells were then incubated for 4 h, before analysis.

For PCNA degradation experiments in LF-1 fibroblasts at 4 h time point, cycloheximide (CHX) was omitted (if not otherwise stated) because there was no significant difference in the extent of PCNA degradation, when it was present.

Site-directed mutagenesis and production of recombinant PCNA proteins {#SEC2-2}
---------------------------------------------------------------------

The mRFP-PCNAL2 construct ([@B45]) was used to generate PCNA mutants with the QuickChange II Site-Directed Mutagenesis Kit (Stratagene), according to manufacturer protocol. Constructs were modified by point mutations and called as reported below: RFP-PCNA^2KA^: with mutations K77A/K80ARFP-PCNA^2KR^: with mutations K77R/K80RRFP-PCNA^5KR^: with mutations K13R/K14R/K20R/K77R/K80R

The primers used are reported in Supplementary information. All purified constructs were sequenced by MWG/Operon (Germany) to confirm the correctness of mutation.

PCNA wt and mutant complementary DNAs were isolated from hPCNA-RFP constructs with BamHI and XhoI enzymes, cloned in pET28 vector (Novagen) and transformed in BL21 (DE3) *Escherichia coli* strain. The proteins were purified with Ni-NTA His-bind Resin (Qiagen), as per manufacturer instructions. The fractions containing purified PCNA were dialyzed against 50 mM phosphate buffer-10% glycerol (pH 7.0), and loaded on centrifugal filters (Amicon 30 kDa, Millipore). Purified proteins were brought to 50% glycerol by dilution and stored at −80°C.

Untagged PCNA and GST-p21C terminal peptide were produced as previously described ([@B37],[@B46]).

GST-CBP N-terminal region (1--1098), and C-terminal regions (1894--2221) and (2212--2441), were expressed in BL21(DE3) or (DE3)pLys *E. coli* strains, respectively, and purified by glutathione (GSH)-affinity chromatography. Bromo-domain and histone acetyl transferase (HAT) domain were obtained from Cayman and Sigma, respectively.

*In vitro* acetylation reaction {#SEC2-3}
-------------------------------

Two μg of purified recombinant PCNA, or histone H3 (Roche) was incubated with 200 ng of recombinant p300 (ActiveMotif), or CBP (Enzo), and 0.5 mM acetyl-coenzyme A (Sigma), or 1 μCi ^3^H-acetyl-coenzyme A (Perkin-Elmer), in 50 μl reaction buffer containing 50 mM Tris-HCl (pH 8.0), 1 mM EDTA, 75 mM KCl and 10 mM sodium butyrate. The reaction (30 min, 30°C) was terminated by SDS-loading buffer. The samples resolved by sodium dodecylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE), were analyzed by western blot with anti acetyl-lysine (1:2500, Cell Signaling) and anti-PCNA (1:1000, PC-10, Dako) antibodies. For radioactive assay, reaction products were spotted on filters and counted with a scintillation counter (Perkin Elmer).

MS/MS analysis {#SEC2-4}
--------------

*In vitro* acetylated recombinant PCNA was excised from Coomassie Brilliant Blue stained gel, digested with trypsin and analyzed by mass spectrometry (LC-MS/MS) on a LTQ-Orbitrap mass spectrometer (Thermo Fisher Scientific) equipped with a nanoelectrospray ion source (Proxeon Biosystems). MS/MS data were analyzed using Mascot and Tandem X! software. MS and MS/MS spectra were acquired selecting the 10 most intense ions per survey spectrum acquired in the orbitrap from m/z 300--1750 with 60 000 resolution. Target ions selected for the MS/MS were fragmented in the ion trap and dynamically excluded for 60 s. Target values were 1 000 000 for survey scan and 100 000 for MS/MS scan. For accurate mass measurements, the lock-mass option was employed ([@B47]).

Antibodies {#SEC2-5}
----------

Antibodies to the following antigens were used: GST (polyclonal G7781), actin (monoclonal AC-40), histone H3 (polyclonal H9289) and polyHistidine (monoclonal HIS-1) from Sigma-Aldrich; acetyl-lysine (monoclonal 4G12), phospho-histone H2AX (monoclonal JBW301), CBP/p300 (monoclonal NM11) and p300 (monoclonal RW128) from Millipore; CBP (polyclonal A-22) and p300 (polyclonal N-15) from Santa Cruz Biotech.; PCNA (monoclonal PC10) and ubiquitin (polyclonal Z0458), from Dako; PCAF (polyclonal GTX109666), from GeneTex; acetylated-lysine (polyclonal 9441), from Cell Signaling Technology; RFP (polyclonal 600-401-379), from Rockland; BrdU (monoclonal B44) and DNA polymerase δ p125 (monoclonal 22) from Becton Dickinson; cyclobutane pyrimidine dimers (CPD, monoclonal TDM2) from MBL.

Cell fractionation, western blot, immunoprecipitation and pull-down {#SEC2-6}
-------------------------------------------------------------------

To isolate the detergent-soluble and the chromatin-bound fractions, cells were lysed in hypotonic buffer containing 10 mM Tris-HCl (pH 7.4), 2.5 mM MgCl~2~, 0.5% Igepal, 1 mM PMSF, 0.2 mM Na~3~VO~4~, 10 mM Na butyrate, 1 μM trichostatin A (TSA), plus protease and phosphatase inhibitor cocktails (Sigma). After washing, chromatin-bound proteins were released with DNase I ([@B48]). For immunoprecipitation, about 5 × 10^6^ cells were lysed in 50 mM Tris-HCl (pH 8.0) containing 150 mM NaCl, 1 mM EDTA, 10 mM Na butyrate, 0.5% Igepal, plus protease and phosphatase inhibitor cocktails. Immunoprecipitation was performed with antibodies (usually 4 μg/mg protein) pre-bound to protein G-agarose magnetic beads (Dynabeads, Life Technologies), and immunocomplexes were washed in 50 mM Tris-HCl buffer (pH 8.0) containing 150 mM NaCl, 0.1% Igepal, 1 mM PMSF, 10 mM Na butyrate, plus protease and phosphatase inhibitor cocktails, before western blot analysis.

For immunoprecipitation of ubiquitinated forms, HeLa cells expressing RFP-PCNA^wt^, 2KR and 5KR, pre-treated with 50 μM MG132, were UV-irradiated and after 30 min lysed in 500 μl of 20 mM Tris-HCl buffer (pH 7.5) containing 150 mM NaCl, 2% SDS, 50 μM N-ethylmaleimide, 2 mM sodium orthovanadate and protease inhibitors cocktail (Sigma). Cells were collected by scraping, boiled at 95°C for 5 min, then sonicated and diluted in buffer without SDS for immunoprecipitation with anti-RFP antibody.

PCNA pull-down was performed with equimolar concentrations of CBP fragments pre-bound to GSH-agarose beads (Qiagen), by incubation with 1 μg his-PCNA^wt^, or with HeLa cell extract (1 mg total proteins) in binding buffer (50 mM Tris-HCl, pH 8.0, 2.5 mM MgCl, 75 mM KCl, 5 mM DTT, 1 mM PMSF) for 1 h. After washings, samples were eluted by SDS-loading buffer. For PCNA pull-down, soluble and chromatin-bound fractions were incubated for 1.5 h with GST-p21C peptide bound to GSH-beads ([@B46]). After three washings in lysis buffer, one aliquot was added the loading buffer, the second was incubated (30 min, 37°C) with 2 μg of HDAC-1 (BPS Bioscience) in 50 μl of buffer containing 25 mM Tris-HCl (pH 8.0), 137 mM NaCl, 27 mM KCl, 1 mM MgCl~2~. The reaction was stopped by adding SDS-loading buffer.

Immunofluorescence microscopy analysis and UDS assay {#SEC2-7}
----------------------------------------------------

For detection of chromatin-bound proteins, LF-1 fibroblasts, or HeLa cells grown on coverslips were locally UV-irradiated, lysed *in situ* with hypotonic buffer containing 0.1% Igepal, fixed for 5 min with 2% formaldehyde in phosphate buffered saline (PBS), and post-fixed in 70% ethanol ([@B37]). For CPD detection, antigen exposure to the antibody was obtained with 2N HCl (30 min, r.t.) and incubation in anti-CPD antibody (1:3000), followed by Alexa 488- or 633-labeled secondary antibody. DNA was stained with Hoechst 33258 dye. Replicative DNA synthesis was evaluated by BrdU incorporation (10 μM, 1 h), followed by anti-BrdU immunofluorescence detection, as previously described ([@B49]).

Samples were analyzed using an Olympus BX51 microscope (100× objective, N.A. 1.25), and images were acquired with a digital camera Olympus C4040. Confocal microscopy analysis was performed with a TCS SP5 II Leica confocal microscope, acquiring fluorescence signals at 0.3 μm intervals through an oil immersion objective 40× (N.A. 1.32). Adjustment for brightness and contrast were performed with Photoshop CS6 software.

For unscheduled DNA synthesis (UDS) analysis, HeLa cells on coverslips were transfected, UV-irradiated (20 J/m^2^) and then incubated for 2 h in medium containing ^3^H-thymidine (NEN, 10 μCi/ml) ([@B40]). Cells were then fixed with 2% formaldehyde in PBS, and processed for immunoperoxidase staining with anti-RFP antibody. The number of autoradiographic grains was counted for each sample in sixty non-S phase cells, and experiments repeated three times.

*In vivo* live-cell imaging {#SEC2-8}
---------------------------

Micro-irradiation was performed using a 405 nm laser at 660 μJ and a CFI Apochromat TIRF 60× installed on an Ultraview Vox Spinning Disk microscope (Perkin Elmer). RFP-PCNA fusion proteins were imaged using the 561 laser excitation and a 582--700 nm emission filter. Micro-irradiation induced accumulation was recorded with 2 s time intervals up to 3 min post irradiation. To monitor the release from micro-irradiated sites cells were micro-irradiated as described above and the cells were imaged for 1 h post micro-irradiation in 5 min intervals. Cells were recorded in *z*-stacks with 0.5 μm distance to compensate for *z*-drift of the micro-irradiated spot, using the same settings as described above.

Image analysis was done with ImageJ. Single cells were cropped and applying the StackReg algorithm compensated cellular movement. Then the intensity of the bleach spot, as well as a second not bleached spot inside the nucleus, a background region of interest (ROI) outside the cell and the total cell nucleus were measured. Intensity values of the bleached region were double normalized (after subtracting the background value), to the intensity before micro-irradiation and the non-bleach ROI inside the cell to compensate for photo-bleaching during acquisition.

For the analysis of the release of PCNA from sites of micro-irradiation the two *z*-sections with the focused irradiation spot were extracted from the *z*-stack and averaged. Cellular movement was again compensated using StackReg, then the same ROIs as in micro-irradiation were selected and measured. Intensities were normalized to the first time point after micro-irradiation (5 min).

Cell-free DNA replication assay {#SEC2-9}
-------------------------------

HeLa cells were synchronized in late G1 with 0.5 mM mimosine (Sigma) ([@B50]), or in S-phase by 2 mM hydroxyurea for 24 h, followed by a release into complete medium for 3.5 h.

G1-phase cells were resuspended in 50 mM Hepes-KOH (pH 7.5), 50 mM potassium acetate, 5 mM magnesium acetate, 2 mM DTT, protease inhibitors, and permeabilized for 5 min in the same buffer containing digitonine (20 μg/ml). Permeabilization was checked with dextrane-FITC by fluorescence microscopy, and stopped by adding SuNaSp solution (75 mM NaCl, 0.25 mM sucrose, 0.5 mM spermine, 0.15 mM spermidine, 3% BSA), then permeabilized cells were centrifuged, and resuspended in SuNaSp (1:1 ratio).

S-phase cytosolic extract was prepared by scraping cells in hypotonic buffer, and disruption in a Dounce homogenizer, as described ([@B51]). Depletion of endogenous PCNA protein was performed by three sequential incubations (1 h each, 4°C) with GST-p21C peptide bound to GSH-agarose beads. The extent of PCNA depletion was \>95%, as assessed by densitometry of western blot bands.

For DNA replication reactions, recombinant his-PCNA^wt^ or his-PCNA^5KR^ (1 μg/sample) were pre-incubated with about 5 × 10^4^ G1-phase nuclei (20 min, 4°C). Then, 10 μl of PCNA-depleted S-phase cytosol (supplemented with energy regenerating system, nucleotides and biotinylated dUTP) were added ([@B51]). Reactions (2 h, 37°C) were stopped with 100 μl of 0.5% Triton X-100 and fixed by the addition of 100 μl of 8% paraformaldehyde (5 min, r.t.). After transfer to coverslips, nuclei were stained with streptavidin-Alexa Fluor 488 (Molecular Probes) diluted 1:100, counterstained with 0.5 μg/ml Hoechst 33258 and mounted with Mowiol (Calbiochem). Visualization was performed with a Leica TCS SP5 II confocal microscope. Nuclei exhibiting a typical S-phase granular pattern of staining were scored as positive.

Statistical analysis {#SEC2-10}
--------------------

Statistical evaluation was performed with the Student\'s *t*-test.

RESULTS {#SEC4}
=======

PCNA is acetylated in response to DNA damage {#SEC4-1}
--------------------------------------------

Acetylated forms of PCNA in proliferating cells were described by a mobility shift in 2D-gel electrophoresis ([@B31]). We observed a slower migrating form of PCNA in S-phase synchronized fibroblasts, as compared to quiescent cells (Figure [1A](#F1){ref-type="fig"}). To establish whether acetylated PCNA was present in a specific pool of the protein ([@B46],[@B52]), S-phase synchronized fibroblasts were fractionated in detergent-soluble and chromatin-bound extracts, and PCNA was pulled down with a GST-tagged p21C-terminal peptide (GST-p21C), which has a strong affinity for PCNA ([@B53]). Half volume of each pull-down was then incubated with histone deacetylase 1 (HDAC1) to remove the acetyl groups. Acetylated PCNA was found in each fraction, but not when incubated with HDAC1 (Figure [1B](#F1){ref-type="fig"}). A slower migrating form could be also detected in UV-irradiated quiescent fibroblasts, both by anti-PCNA and anti-acetyl lysine antibody (Figure [1C](#F1){ref-type="fig"}), and could be observed at higher UV fluences, and at least until 24 h from UV exposure (Supplementary Figures S1A and B). This form, distinct from monoubiquitinated PCNA was also detected after cell treatment with oxidizing, or alkylating agents (Figure [1D](#F1){ref-type="fig"}). To verify that PCNA was acetylated after DNA damage, extracts from UV-irradiated quiescent fibroblasts or HeLa cells, were immunoprecipitated with an anti-acetyl-lysine antibody. PCNA could be detected in immunocomplexes of both cell types after 30 min from UV-irradiation (Figure [1E](#F1){ref-type="fig"}), and up to 24 h after DNA damage (Supplementary Figure S1C). To identify the KAT involved in PCNA acetylation, p300 was immunoprecipitated from soluble and chromatin-bound fractions of UV-irradiated quiescent fibroblasts. Only chromatin-bound PCNA interacted with p300, and was acetylated (Figure [1F](#F1){ref-type="fig"}), suggesting that the reaction occurred with PCNA bound to DNA; however, acetylated forms of PCNA could be pulled-down by GST-p21C from both pools (Figure [1G](#F1){ref-type="fig"}). Based on densitometric quantification of the slower migrating form, about 15--20% of total PCNA was acetylated in UV-irradiated quiescent fibroblasts. The amount of chromatin-bound PCNA in these cells ranged from 30 to 50%, suggesting that this PCNA pool was not totally acetylated.

![PCNA is acetylated after DNA damage. (**A**) Detection of a slower migrating form of PCNA in proliferating (P) but not in quiescent (Q) LF-1 human fibroblasts, by anti-PCNA antibody. (**B**) Pull-down of PCNA by GST-p21C-terminal peptide from soluble (Sol) and chromatin-bound fractions (Chr) of S-phase synchronized LF-1 fibroblasts. Pulled-down samples were treated (+) or not (−) with 2 μg HDAC1 (30 min, 30°C), and analyzed by western blot with antibodies to acetyl-lysine (acLys) and to PCNA. (**C**) Detection of a slower migrating form (arrow) of PCNA in UV irradiated (10 J/m^2^) quiescent LF-1 fibroblasts, by PCNA and acetyl-lysine antibodies. Actin is the loading control. (**D**) Detection of a slower migrating form (arrow), and the monoubiquitinated form of PCNA in LF-1 fibroblasts treated for 30 min with 0.1 mM potassium bromate (KBrO~3~), 25 μM N-methyl-N'-nitro-N-nitroso guanidine (MNNG), or UV light (10 J/m^2^). (**E**) Immunoprecipitation (Ip) of PCNA with anti-acetyl-lysine antibody from (+) UV-irradiated (10 J/m^2^), or unirradiated control (−) LF-1 fibroblasts (upper panel) and HeLa cells (lower panel). Input is 5% of cells extract. (**F**) Immunoprecipitation of p300 from soluble (Sol) and chromatin-bound (Chr) fractions of UV irradiated (10 J/m^2^) quiescent LF-1 fibroblasts. Immunocomplexes were analyzed by western blot with antibodies to p300, PCNA and acetyl-lysine. Lane marked PCNA shows 50 ng recombinant PCNA. (**G**) Pull-down of PCNA by GST-p21C-terminal peptide from soluble (Sol) and chromatin-bound fractions (Chr) of UV-irradiated (10 J/m^2^) LF-1 fibroblasts. Pulled-down PCNA was detected by antibodies to acetyl-lysine and PCNA.](gku533fig1){#F1}

PCNA associates with CBP {#SEC4-2}
------------------------

Next, we investigated whether CBP, which is highly homologous to p300, was also able to interact with PCNA. Immunoprecipitation from HeLa cell extracts indicated that CBP could associate with PCNA, and that the interaction increased after DNA damage (Figure [2A](#F2){ref-type="fig"}). To further verify this result, and to define whether it occurred with a specific pool of PCNA, mock- and UV-irradiated quiescent fibroblasts were fractionated as above, for CBP immunoprecipitation. Similarly to p300, the association of PCNA with CBP was specifically observed in the chromatin-bound fraction of UV damaged cells (Figure [2B](#F2){ref-type="fig"}).

![*In vivo* and *in vitro* association of PCNA with CBP. (**A**) Immunoprecipitation (Ip) of CBP from whole cell extracts of HeLa cells exposed (+) or not (−) to UV light (10 J/m^2^). Control Ip was performed with irrelevant antibody (Ig). Input is 5% of cell extracts. Immunocomplexes were analyzed by western blot with antibodies to CBP and PCNA. (**B**) Immunoprecipitation of CBP from soluble (Sol) and chromatin-bound (Chr) fractions of LF-1 quiescent fibroblasts exposed (+) or not (−) to UV light (10 J/m^2^). Control Ip was performed with irrelevant antibody (Ig). Samples were analyzed by western blot with antibodies to CBP and PCNA. (**C**) Schematic representation of p300 and CBP structures (upper) showing relevant homology regions (CH rich), kinase inducible (KIX), Bromo (Br), in the catalytic (KAT) and transactivation domains (TAD). The GST-CBP fragments (lower) used for pull-down: ([@B1]) N-terminal, aa. 1--1098; ([@B2]) Br domain, aa. 1081--1197; ([@B3]) KAT domain, aa. 1319--1710; ([@B4]) C-terminal, aa. 1894--2221; ([@B5]) C-terminal, aa. 2212--2441. (**D**) Pull-down of recombinant his-PCNA (upper) or native protein from HeLa cell extract (lower) by GST-CBP fragments 1--5 (lanes 1--5), GST (lane 6). Input shown is 10% of recombinant PCNA, and 5% of cell extract.](gku533fig2){#F2}

The p300 region responsible for the interaction with PCNA was previously mapped at the C-terminus of the protein ([@B36]). Therefore, to identify the correspondent region in CBP, GST-fusion fragments encompassing different important domains of CBP (Figure [2C](#F2){ref-type="fig"} and Supplementary Figure S2) were tested for their ability to bind PCNA. Two fragments (4 and 5) spanning residues from 1894 to 2441, encompassing the transactivation domain (TAD) at the C-terminus of the protein, were able to pull down recombinant PCNA, as well as native protein from HeLa cell extracts (Figure [2D](#F2){ref-type="fig"}).

PCNA is preferentially acetylated by CBP at residues contacting DNA {#SEC4-3}
-------------------------------------------------------------------

To compare CBP versus p300 for the ability to acetylate PCNA, their KAT activity was assessed *in vitro* with recombinant proteins. Incubation of recombinant PCNA in the presence of acetyl-CoA, resulted in higher acetylation levels when PCNA was incubated with CBP, rather than with p300 (Figure [3A](#F3){ref-type="fig"}). To quantify this difference, the acetylation reaction was performed with ^3^H-labeled acetyl-CoA, and incorporated radioactivity was measured by scintillation counting. Radioactive counts of PCNA, normalized to those of histone H3 (a substrate for both KATs) showed that PCNA was preferentially acetylated by CBP by about 10× as compared with p300 (Figure [3B](#F3){ref-type="fig"}). To identify the lysine residue/s acetylated by each enzyme, recombinant PCNA was incubated with CBP or p300, and analyzed by LC-MS/MS. PCNA was only partially acetylated by p300 at Lys77 (Figure [3C](#F3){ref-type="fig"} and Supplementary Figure S3A). In contrast, CBP was able to completely acetylate Lys80 and, to a lower extent, also Lys13 and Lys14 (Figure [3C](#F3){ref-type="fig"} and Supplementary Figures S3B--S3E).

![CBP and p300 acetylate PCNA at residues contacting DNA. (**A**) *In vitro* PCNA acetylation by CBP versus p300. Recombinant PCNA (2 μg) was incubated with buffer (lane 1), 200 ng of p300 (lane 2), or CBP (lane 3) in the presence of acetylCoA (0.5 mM, 30 min, 30°C), resolved by SDS-PAGE and detected by western blot with anti-acetyl-lysine (upper). Loading control is shown by Ponceau staining (lower). (**B**) Quantitative analysis of *in vitro* PCNA acetylation by p300 (empty bars) or CBP (black bars), in the presence of ^3^H-acetyl-CoA (1 μCi). Mean radioactivity counts (normalized to histone H3 counts) ± s.d. from three independent experiments are shown. (**C**) LC-MS/MS sequence analysis of PCNA peptides containing Lys residues (in bold) acetylated by p300 and by CBP *in vitro*. (**D**) Immunoprecipitation of acetylated proteins with anti-acetyl-lysine (acLys) antibody in UV-irradiated (10 J/m^2^) LF-1 fibroblasts previously treated for 48 h with not-targeting (NT), or CBP/p300 siRNA. PCNA was detected by western blot with antibodies to acetyl-lysine and PCNA. Ig lc: Ig light chains. (**E**) PCNA pull-down with a GST-p21C-terminal peptide, in LF-1 fibroblasts treated for 48 h with not-targeting (NT), or CBP/p300 siRNA. PCNA was detected by western blot with antibodies to acetyl-lysine and PCNA. (**F**) Immunoprecipitation of acetylated proteins with antibody to acetyl-lysine (acLys) in UV-irradiated (10 J/m^2^) LF-1 fibroblasts previously treated for 48 h with not-targeting (NT), or PCAF siRNA. PCNA was detected by western blot with anti-PCNA antibody.](gku533fig3){#F3}

To prove that CBP/p300 acetylate PCNA at the cellular level, both enzymes were concomitantly depleted by siRNA (Supplementary Figure S3F), because they might compensate each other ([@B39]). After immunoprecipitation with anti-acetyl lysine antibody, acetylated forms were detected in cells treated with control siRNA, whereas they were undetectable in CBP/p300 siRNA-treated cells (Figure [3D](#F3){ref-type="fig"}). Similar results were obtained after PCNA pull-down with GST-p21C (Figure [3E](#F3){ref-type="fig"}). In contrast, siRNA depletion of PCAF, a KAT unable to interact with PCNA ([@B54]), did not affect PCNA acetylation (Figure [3F](#F3){ref-type="fig"} and Supplementary Figure S3G). These findings suggest that PCNA is a substrate of both CBP and p300, and it is preferentially acetylated by the first one.

PCNA acetylation mutants show reduced DNA replication and repair synthesis, and increased sensitivity to DNA damaging agents {#SEC4-4}
----------------------------------------------------------------------------------------------------------------------------

To analyze the role of acetylation of Lys77 and Lys80, previously detected *in vivo* ([@B32]), alanine (K77A,K80A), or arginine (K77R,K80R) mutants (named 2KA and 2KR, respectively) were expressed in HeLa cells as RFP-tagged proteins. The other acetylated residues Lys13 and Lys14 are spatially close to residues Lys20, Lys77 and Lys80, in the α-helix region facing DNA ([@B1],[@B55]). Therefore, we also created a plasmid carrying Lys to Arg mutations (K13R,K14R,K20R,K77R,K80R), named 5KR. All these RFP-PCNA mutants showed nuclear localization and were expressed to comparable levels (Supplementary Figure S4A). In addition, they were integrated in native trimers with the endogenous protein, as shown by their co-immunoprecipitation with anti-RFP antibody (Supplementary Figure S4B). Immunoprecipitation of acetylated proteins with an anti-acetyl-lysine antibody did not isolate significant amounts of 2KR or 5KR mutants, as compared with RFP-PCNA^wt^ protein (Figure [4A](#F4){ref-type="fig"}), indicating that these mutants could not be acetylated *in vivo*. Next, the ability of RFP-PCNA^wt^ and mutant forms to carry out DNA synthesis was investigated by measuring BrdU incorporation in RFP-labeled cells ([@B45],[@B56]). GFP-tagged histone H2B (GFP-H2B) was co-expressed to verify that RFP-PCNA was correctly localized as chromatin-bound form. (Figure [4B](#F4){ref-type="fig"}). In cells expressing RFP-PCNA^wt^, more than 80% RFP- and GFP-labeled cells were BrdU-positive, whereas in 2KR or 5KR mutants only about 29 and 11% RFP- and GFP-labeled cells, were also BrdU-positive, respectively (Figure [4C](#F4){ref-type="fig"}). In agreement with previous results ([@B57]), the 2KA mutant was loaded onto DNA to very low levels (Supplementary Figure S4C), and showed about 2% of BrdU incorporation (Supplementary Figure S4D), as compared with RFP-PCNA^wt^. Inefficient DNA replication activated a DNA damage response, since cells expressing RFP-PCNA mutants were positive for γ-H2AX labeling, to levels higher than cells expressing RFP-PCNA^wt^ (Figure [4D](#F4){ref-type="fig"}).

![PCNA acetylation mutants show impaired DNA replication and repair syntheses. (**A**) HeLa cells expressing RFP-PCNA^wt^, RFP-PCNA^2KR^ and RFP-PCNA^5KR^ mutants were UV irradiated (10 J/m^2^), and acetylated proteins were immunoprecipitated with antibody to acetyl-lysine (acLys), then probed by western blot with antibody to PCNA. Ig HC: Ig heavy chains. (**B**) RFP-PCNA, GFP-H2B and BrdU fluorescence signals were acquired with confocal microscopy from HeLa cells showing chromatin-bound RFP-PCNA^wt^, 2KR or 5KR mutants. Scale bars = 10 μm. (**C**) Quantification of BrdU-positive HeLa cells co-expressing RFP-PCNA (wt, 2KR or 5KR) and GFP-H2B. Mean values ± s.d. from three independent experiments are shown. (**D**) Quantification of histone γ-H2AX positive cells in HeLa cells co-expressing RFP-PCNA (wt, 2KR or 5KR). Mean values ± s.d. from three independent experiments are shown. (**E**) Quantification of unscheduled DNA synthesis (UDS) activity, as evaluated by counting autoradiographic grains in RFP-positive stained cells. Mean values ± s.d. of three independent experiments are shown. (**F**) Determination of cell viability at different time points after exposure to UV radiation (10 J/m^2^) in cells expressing RFP-PCNA^wt^, 2KR or 5KR mutants. Mean values ± s.d. of three independent experiments are shown. (**G**) Fluorescence images of biotin-dUTP incorporation and DNA in G1-phase HeLa nuclei complemented with PCNA-depleted extract alone (D.E.) or D.E.+ recombinant his-PCNA^wt^ or D.E.+his-PCNA^5KR^. Scale bar = 50 μm. (**H**) Quantification of biotin-dUTP positive HeLa nuclei after incubation with PCNA-depleted extract (Depl. Extr.) alone, or with addition of his-PCNA^wt^ (+PCNA WT), or his-PCNA^5KR^ (+PCNA 5KR). Mean values ± s.d. of at least three independent experiments are shown. (**I**) Loading of his-PCNA^wt^ and his-PCNA^5KR^ in HeLa nuclei incubated with PCNA-depleted S-phase extract alone (−), with his-PCNA^wt^ (wt), or with his-PCNA^5KR^ (5KR). Samples were analyzed by western blot with anti-polyHis antibody. Loading control is shown by Ponceau staining of nuclear histones; M indicates MW markers.](gku533fig4){#F4}

To evaluate DNA repair efficiency in cells expressing RFP-PCNA mutants, UV-induced UDS was analyzed by evaluating ^3^H-thymidine incorporation in RFP-positive, non-S phase cells (Supplementary Figure S4E). UDS was significantly impaired both in 2KR and in 5KR mutants, as compared to wt protein (Figure [4E](#F4){ref-type="fig"}), and this result was not due to inability of RFP-PCNA mutants to be recruited to DNA damage sites (Supplementary Figure S4F). DNA repair deficiency was accompanied by a parallel loss in cell viability, as evaluated by the number of RFP-positive dead cells after DNA damage (Figure [4F](#F4){ref-type="fig"}).

In the above experiments, PCNA trimers were likely composed by endogenous and exogenous subunits (wt or mutant) in different proportions ([@B20]). To better evaluate the influence of lysine mutations on DNA synthesis, an *in vitro* DNA replication assay was performed using recombinant his-tagged PCNA^wt^ and PCNA^5KR^ (Supplementary Figure S4G). In this system, uncompetent G1-phase HeLa nuclei are used as template, and DNA synthesis is dependent upon addition of an S-phase cell extract ([@B51]). Upon PCNA depletion (below 5%) with GST-p21C (Supplementary Figure S4H), his-PCNA^wt^, or his-PCNA^5KR^ mutant was added, together with depleted extract and biotin-labeled dUTP, to G1-phase nuclei. In the presence of PCNA^wt^, dUTP incorporation was observed in \>70% nuclei (Figure [4G](#F4){ref-type="fig"} and [H](#F4){ref-type="fig"}), similarly to that observed after incubation with complete S-phase extract (not shown). In contrast, the addition of his-PCNA^5KR^ mutant did not result in any significant dUTP incorporation above the basal level of depleted extract alone (due to nuclei with some endogenous PCNA) ([@B51]). To rule out that impaired DNA synthesis in the presence of PCNA^5KR^ mutant was due to defective PCNA loading, as observed for K→A mutants ([@B57]), nuclei after reaction were washed and extracted to assess the presence of chromatin-bound PCNA. His-PCNA^5KR^ mutant was loaded onto DNA to a comparable extent than wt protein (Figure [4I](#F4){ref-type="fig"}); we consistently noticed that both proteins migrated fastly after the incubation, suggesting some form of processing (Supplementary Figure S4I).

Defective DNA synthesis in PCNA acetylation mutants is not due to impaired interaction with DNA polymerase nor with CBP/p300 {#SEC4-5}
----------------------------------------------------------------------------------------------------------------------------

Since lysine mutations in PCNA affect DNA polymerase δ activity ([@B58]), we investigated whether our mutants retained the ability to interact with this polymerase, by immunoprecipitation with anti-RFP antibody. DNA polymerase δ (p125 subunit) co-immunoprecipitated with RFP-PCNA^wt^, as well as with 2KR and 5KR mutants, both in the soluble and in the chromatin-bound fractions (Figure [5A](#F5){ref-type="fig"}). In the latter extract, interaction with PCNA mutants appeared to be more stable than that with RFP-PCNA^wt^. To verify that DNA polymerase δ was also relocated to sites of DNA damage together with PCNA, HeLa cells expressing RFP-PCNA^wt^, 2KR or 5KR mutants were locally UV-irradiated and analyzed for protein recruitment. Confocal microscopy analysis of RFP fluorescence together with immunofluorescence labeling showed that DNA polymerase δ co-localized with PCNA^wt^ and mutant forms, to sites of DNA damage (Figure [5B](#F5){ref-type="fig"}).

![PCNA acetylation mutants interact with DNA polymerase δ and CBP/p300. (**A**) Immunoprecipitation of RFP-PCNA wt and mutant forms with anti-RFP antibody. Immunocomplexes were analyzed by western blot with antibodies to RFP and DNA polymerase δ (p125). (**B**) Recruitment of RFP-PCNA^wt^, RFP-PCNA^2KR^ and RFP-PCNA^5KR^ with DNA polymerase δ (p125) to sites of local damage 30 min after UV irradiation (30 J/m^2^). Cells were stained with anti-p125 antibody and analyzed by confocal microscopy. Merged images show co-localization on of RFP-PCNA, p125 and DNA stained with Hoechst 33258. Bar = 10 μm. (**C**) Immunoprecipitation of RFP-PCNA wt and mutant forms with antibodies to CBP or p300. Immunocomplexes were analyzed by western blot with antibodies to CBP, p300, RFP and PCNA.](gku533fig5){#F5}

Since CBP/p300 are required for efficient DNA replication ([@B59]), and DNA repair ([@B60],[@B61]), we verified that PCNA acetylation mutants were able to interact with CBP/p300. Immunoprecipitation with either CBP, or p300 antibody showed that RFP-PCNA mutants were associated with both KATs more stably than with RFP-PCNA^wt^ (Figure [5C](#F5){ref-type="fig"}), probably because of the KAT inability to complete the catalytic reaction.

Failure to acetylate PCNA results in its deficient removal from chromatin and blocks its degradation after DNA damage {#SEC4-6}
---------------------------------------------------------------------------------------------------------------------

Since PCNA acetylation on Lys14 was suggested to modulate its degradation after UV damage ([@B33]), we reasoned that if a correlation exists between PCNA acetylation and its removal from chromatin for degradation, this may be dependent on CBP/p300 activity. To test this hypothesis, LF-1 fibroblasts were incubated in the presence of not-targeting, or CBP/p300 siRNA to deplete their protein levels, locally UV-irradiated and collected after 30 min or 4 h. No significant effect on the recruitment of PCNA to DNA damage sites was found at 30 min after UV (Supplementary Figure S5A), while a retention of PCNA was observed after 4 h in CBP/p300 depleted fibroblasts, as compared with fibroblasts incubated with non-targeting siRNA (Figure [6A](#F6){ref-type="fig"}). To further understand these results, the removal of PCNA from chromatin at late DNA repair times, was also analyzed in acetylation-deficient RFP-PCNA mutants. In cells expressing RFP-PCNA^wt^ the protein was removed by about 50% after 24 h from UV exposure, while in cells expressing the 2KR or the 5KR mutant, the disassembly of PCNA from chromatin was much more delayed (Figure [6B](#F6){ref-type="fig"}). To further support these results, live cell imaging of RFP-PCNA recruitment and subsequent release, were analyzed after laser micro-irradiation. Figure [6C](#F6){ref-type="fig"} shows that the initial time course of RFP-PCNA recruitment after DNA damage was not significantly different between the wt and the mutant proteins. The intensity over time of each cell was fitted with a single exponential function and mean values for the half max accumulation time were calculated (wt: 74 ± 23 s; 2KR: 117 ± 75 s; 5KR: 55 ± 22 s). The plateau of maximum accumulation was calculated from the same fit functions (wt: 2.1 ± 0.5; 2KR: 2.6 ± 0.9; 5KR: 1.7 ± 0.5 fold accumulation). In contrast, the release at late times (up to 60 min) was delayed in cells expressing the mutant proteins. Exponential decay curves and corresponding half life times were calculated from the averaged release curves (wt: 166 min; 2KR: 250 min; 5KR: 333 min).

![Release of PCNA from DNA repair sites is dependent on acetylation. (**A**) LF-1 fibroblasts depleted for CBP and p300 by RNAi were locally UV-irradiated with a 3-μm pore filter, and after 4 h were lysed and fixed for immunostaining of both CBP and p300 polyclonal antibodies (whole nuclear staining), and PCNA with monoclonal antibody (spot) at DNA damage sites. The images were merged with DNA staining. Scale bar = 10 μm. (**B**) Western blot analysis of chromatin-bound RFP-PCNA wt and mutant proteins (2KR, 5KR) at 0.5, 8 and 24 h after UV irradiation. Densitometric quantification of the released fraction of chromatin-bound RFP-PCNA at 24 h to the value measured at 30 min after UV. Mean values ± s.d. of three independent experiments are shown. (**C**) Transfected HeLa cells were micro-irradiated with the 405 nm laser at the indicated areas (dashed circles). For measurements of the accumulation, the cells (wt: *n* = 10; 2KR: *n* = 12; 5KR: *n* = 9) were imaged for 150 s after micro-irradiation and the normalized intensities at the sites of micro-irradiation were measured. The plot shows the average intensities (lines) and standard deviation (shaded areas). To quantify the release the cells were micro-irradiated as above and the intensity of the accumulation site was measured for 60 min post irradiation in 5 min intervals (wt: *n* = 17; 2KR: *n* = 13; 5KR: *n* = 8). Data was normalized to the 5 min time point that showed maximum accumulation. The graph shows the mean of the normalized curves together with the standard deviation (shaded areas).](gku533fig6){#F6}

Next, PCNA turnover was analyzed in LF-1 fibroblasts after UV-irradiation in the presence of CHX to prevent new protein synthesis (Figure [7A](#F7){ref-type="fig"}). Chromatin-bound PCNA showed the typical accumulation for DNA repair synthesis ([@B62],[@B63]), even in the presence of CHX. In contrast, PCNA levels in the soluble fraction underwent a significant reduction, with a half-time of ∼3 h (Figure [7B](#F7){ref-type="fig"}). Noticeably, PCNA degradation occurred even when DNA damage was induced either by an oxidizing, or alkylating agent, or by ionizing radiation (Supplementary Figure S5B). Analysis of PCNA levels in both detergent-soluble and chromatin-bound fractions showed that degradation of the soluble form was completely rescued, and its level was even increased after depleting both CBP and p300 (Figure [7C](#F7){ref-type="fig"}). A detectable increase (by about 1.5×) in the amount of soluble form of PCNA was observed in non irradiated cells after siRNA depletion of both CBP and p300, indicating that their activity could influence the stability of PCNA even in unperturbed conditions. In CBP/p300-depleted and UV-irradiated cells, the increase in the soluble form of PCNA was about twice the amount observed in untreated control cells (Figure [7D](#F7){ref-type="fig"}). The dependence of PCNA degradation on the activity of each enzyme was also investigated by incubating LF-1 fibroblasts with siRNA to either CBP or p300, before irradiation. The effect of the single depletion was not significantly different from that observed after co-depletion of both CBP and p300, although the lower levels of soluble PCNA after irradiation suggested that both activities were important for PCNA degradation. In contrast, depletion of PCAF (Supplementary Figure S5C) did not influence UV-induced PCNA degradation (Figure [7D](#F7){ref-type="fig"} and Supplementary Figure S5D). The dependence of PCNA degradation on the acetylation of specific lysine residues was also verified by monitoring levels of the soluble form of RFP-PCNA^wt^ versus the mutant forms after UV irradiation (Figure [7E](#F7){ref-type="fig"}). A significant resistance of RFP-PCNA^2KR^ and RFP-PCNA^5KR^ to proteolytic destruction was found after UV-irradiation, while RFP-PCNA^wt^ was degraded (Figure [7F](#F7){ref-type="fig"}). To prove that acetylation was required for signaling PCNA degradation through ubiquitination, HeLa cells expressing RFP-PCNA^wt^ or mutants were UV-irradiated in the presence of MG132, a proteasome inhibitor. Immunoprecipitation of RFP-PCNA showed that ubiquitinated forms were accumulated in cells expressing RFP-PCNA^wt^, while they could not be observed in 2KR, or 5KR mutants (Figure [7G](#F7){ref-type="fig"}). These results suggest that CBP/p300-mediated acetylation is necessary to trigger PCNA proteasomal degradation.

![PCNA degradation after DNA damage is dependent on acetylation. (**A**) Time course analysis of PCNA levels in the soluble and chromatin-bound pools of PCNA in quiescent, CHX-treated (25 μM) LF-1 fibroblasts after UV-irradiation (10 J/m^2^). Western blot analysis of PCNA, histone H3, and actin (loading controls), are shown. (**B**) Densitometric quantification of the soluble form of PCNA in CHX-treated and UV-irradiated (10 J/m^2^) quiescent LF-1 fibroblasts. PCNA levels were normalized to actin content. Mean values ± s.d. of at least three independent experiments are shown. (**C**) Western blot analysis of PCNA and actin (loading control) in the soluble and chromatin-bound pools in LF-1 fibroblasts incubated with non-targeting (NT) siRNA, or siRNA targeting CBP and p300 (CBP/p300), at 4 h after UV irradiation (10 J/m^2^). (**D**) Densitometric quantification of soluble PCNA (normalized to actin) in LF-1 fibroblasts incubated with non-targeting siRNA (NT), both siRNA to CBP/p300, or in single exposure, or to PCAF, in untreated (C), or 4 h after UV irradiation (10 J/m^2^). Mean values ± s.d. of three independent experiments are shown. (**E**) Western blot analysis of soluble RFP-PCNA and actin (loading control) in HeLa cells expressing wt, 2KR or 5KR mutant RFP-PCNA, before (0), or at 4 and 8 h after UV irradiation (10 J/m^2^) in the presence of CHX. (**F**) Densitometric quantification of soluble RFP-PCNA levels (normalized to actin) at 4 h after UV irradiation (10 J/m^2^) in HeLa cells expressing wt, 2KR or 5KR RFP-PCNA. Mean values ± s.d. of three independent experiments are shown. (**G**) Immunoprecipitation of RFP-PCNA with anti-RFP antibody in whole extracts from HeLa cells expressing wt, 2KR or 5KR RFP-PCNA, at 30 min after UV irradiation (10 J/m^2^), in the presence of MG132. Western blot analysis of immunocomplexes was performed with anti-ubiquitin antibody. RFP-PCNA levels in the input extracts are shown below.](gku533fig7){#F7}

Acetylation links DNA synthesis to PCNA removal and degradation {#SEC4-7}
---------------------------------------------------------------

To clarify the relation of PCNA acetylation with DNA synthesis, the effect of DNA polymerase δ inhibitors aphidicolin and araC was investigated because they do not affect the loading of PCNA ([@B25],[@B64]), thus enabling to dissect this step from DNA synthesis. These inhibitors did not affect PCNA acetylation in LF-1 fibroblasts (Figure [8A](#F8){ref-type="fig"}), nor in HeLa cells, whereas curcumin, a specific inhibitor of CBP/p300, greatly reduced the amount of acetylated PCNA (Figure [8B](#F8){ref-type="fig"}). Next, PCNA acetylation was assessed in NER-deficient XPA cells, in which PCNA cannot be loaded onto DNA because of a defect in DNA lesion recognition ([@B40],[@B65],[@B66]). In UV-irradiated XPA fibroblasts, PCNA could not be detected in the immunocomplexes obtained with the anti-acetyl-lysine antibody (Figure [8C](#F8){ref-type="fig"}). Accordingly, PCNA was not significantly degraded in XPA, nor in XPG fibroblasts (Figure [8D](#F8){ref-type="fig"}), in which the NER defect also precedes the DNA synthesis step ([@B63],[@B66]). These results were not dependent on reduced levels of CBP, p300, nor PCNA in XPA fibroblasts; in fact, PCNA acetylation could be detected in S-phase cells (Supplementary Figures S6A and B).

![CBP/p300-mediated acetylation links DNA synthesis with degradation of PCNA. (**A**) Immunoprecipitation of acetylated proteins with anti-acetyl-lysine antibody from cell extracts of LF-1 fibroblasts treated for 30 min with aphidicolin and araC (100 μM and 10 μM, respectively) before UV-irradiation (10 J/m^2^), and further incubated (30 min) in the same medium. Western blot analysis of immunocomplexes was performed with anti-PCNA antibody. (**B**) Immunoprecipitation of acetylated proteins with acetyl-lysine antibody from extracts of HeLa cells treated for 30 min with 100 μM aphidicolin and 10 μM araC, or with 100 μM curcumin, before UV-irradiation (10 J/m^2^), and further incubated (30 min) in the same medium. Western blot analysis of immunocomplexes was performed with anti-PCNA antibody. (**C**) Immunoprecipitation of acetylated proteins with anti-acetyl-lysine antibody from extracts of LF-1 and XPA fibroblasts, 30 min after UV irradiation (10 J/m^2^). Western blot analysis of immunocomplexes was performed with anti-PCNA antibody. (**D**) Western blot analysis of soluble PCNA levels and actin (loading control) 4 h after UV irradation (10 J/m^2^) in XPA or XPG fibroblasts, and densitometric quantification of PCNA (normalized to actin) in the same cells versus normal fibroblasts (NF). Mean values ± s.d. of three independent experiments are shown. (**E**) Immunoprecipitation of acetylated proteins with acetyl-lysine antibody from extracts of LF-1 fibroblasts treated for 30 min with 50 mM MG132 before UV-irradiation (10 J/m^2^) and further 30 min incubation in the same medium. Western blot analysis of immunocomplexes was performed with anti-PCNA antibody. Densitometric quantification of PCNA (mean values ± s.d.) in immunocomplexes from MG132-treated versus untreated cells, is reported from three independent experiments (P = 0.0009). (**F**) Western blot analysis of chromatin-bound PCNA in LF-1 fibroblasts untreated (lane 1, C), or 30 min after UV-irradiation (10 J/m^2^), in the absence (lane 2, UV) or in the presence of MG132 (lane 3, UV+MG132).](gku533fig8){#F8}

To further investigate the dependence of chromatin removal and degradation on the acetylation of PCNA, LF-1 fibroblasts were treated with MG132. PCNA acetylation was significantly increased (by at least 2×), in UV-irradiated cells treated with MG132 (Figure [8E](#F8){ref-type="fig"} and Supplementary Figure S6C), concomitantly with a drastic accumulation of chromatin-bound PCNA (Figure [8F](#F8){ref-type="fig"}), as also observed at local DNA damage sites (Supplementary Figure S6D). This effect of PCNA sequestration in the chromatin-bound pool probably explains why PCNA levels in the soluble fraction were not completely rescued by MG132 (Supplementary Figure S6E).

DISCUSSION {#SEC5}
==========

Acetylation of PCNA was previously reported in proliferating cells, and after UV damage ([@B31],[@B33]); however, its role in DNA repair has remained unknown. In addition, the molecular mechanism responsible for PCNA acetylation was not investigated, except for the interaction with p300 ([@B36]).

Here, we have found that also CBP interacts with PCNA *in vivo*, and the interaction increased after DNA damage. *In vitro*, we have mapped the interaction domain at the C-terminus of CBP, namely at two fragments encompassing amino acid residues 1894--2441, corresponding to the homologous region of p300 (aa 1893--2414) that was previously shown to interact with PCNA ([@B36]).

CBP acetylated PCNA more efficiently than p300 *in vitro* reaction, as also indicated by the number of lysine acetylated by each enzyme, detected by MS. Among acetylated residues (Lys13, 14, 77 and 80), only the last two were detected by MS in cell proteomic studies ([@B32]), while Lys14 acetylation was suggested by mutational analysis ([@B33]). The discrepancy in the number of aceylated residues may be explained by the amount of protein necessary to detect this modification.

The lysines involved in acetylation are located in α-helices facing the inner hole of PCNA, and are important for contacting DNA ([@B55],[@B67]). Single point mutations of lysines in this region reduced the PCNA stimulatory activity of DNA polymerase δ ([@B58]). This loss of activity was explained by defects in PCNA loading by Replication Factor C (RFC) ([@B57]). However, re-assessement of these PCNA mutants has outlined the importance of internal Lys residues not only for RFC loading, but also for DNA polymerase δ activity ([@B68]). Importantly, those studies only investigated the effect of lysine to alanine substitution. Our results confirmed that K77,80A substitution impaired PCNA loading; however, 2KR and 5KR PCNA mutants (maintaining the positive charge) could be loaded onto DNA. Notably, these mutants showed an impairment of DNA synthesis (both replication and repair), even if PCNA trimers could be formed by mutant (exogenous) and wt (endogenous) subunits. In addition, they triggered a DNA damage response, and increased cell death after DNA damage. These results suggest that acetylation of these residues is important for DNA synthesis. In fact, gene knock-out and depletion of both CBP and p300 proteins are known to affect DNA replication ([@B69],[@B59]), and DNA repair ([@B60],[@B61]).

Being PCNA acetylation mutants able to interact and to co-localize with DNA polymerase δ, our results suggest that impaired DNA synthesis might be due to slowing down or blocking PCNA sliding caused by misalignement of residues contacting DNA ([@B55],[@B67]). In fact, depletion of both CBP and p300 resulted in an accumulation of chromatin-bound PCNA to DNA damage sites which might delay the coordinated hand-off of intermediates during DNA repair ([@B55]). Since acetylation will abolish the charge of lysines contacting DNA ([@B55],[@B67]), further structural studies are required to explain the impact of this PCNA modification on DNA synthesis.

PCNA acetylation was reported to disengage the interaction with MTH2 protein in response to UV damage, and trigger PCNA proteasomal degradation; however, the mechanism of PCNA acetylation was not investigated ([@B33]). Our results have shown that both CBP and p300 are required for PCNA turnover because their depletion prevented PCNA acetylation with consequent accumulation of chromatin-bound PCNA and reduction of its proteasomal degradation. Consistently, 2KR and 5KR PCNA acetylation-deficient mutants were released from chromatin more slowly than the wt protein, and they were not significantly degraded after UV irradiation because they were not appreciably polyubiquitinated. These results indicate that CBP/p300-mediated acetylation is the signal necessary for removal of chromatin-bound PCNA, thereby promoting polyubiquitination and consequent degradation upon DNA damage.

Since the interaction of PCNA with CBP/p300 was detectable only in the chromatin-bound pool after UV damage, this suggests that PCNA acetylation occurs after loading on DNA. Although sterically the reaction seems disadvantaged, the DNA contact with residues of a single PCNA monomer (see Figure 1 in ([@B55])) might help the KAT enzyme in contacting the relevant residues in the two other monomers. In addition, CBP/p300 depletion by RNAi resulted in the accumulation of PCNA at DNA damage sites, despite the evident reduction in PCNA acetylation. These findings were also supported by the evidence that proteasomal inhibition by MG132 induced an accumulation of the chromatin-bound pool, with an increase in acetylated forms of PCNA. On-going DNA synthesis was not required for PCNA acetylation, as indicated by results with DNA polymerase δ inhibitors. In contrast, PCNA loading onto DNA was a necessary step because PCNA was not acetylated, nor significantly degraded in XPA cells, whose NER defect prevents PCNA loading ([@B66],[@B63]).

In conclusion, these results suggest a model (Figure [9](#F9){ref-type="fig"}) in which chromatin-bound PCNA is acetylated by CBP and p300. After DNA synthesis is completed, acetylated PCNA is unloaded from DNA, thus entering the soluble pool where it is degraded by the proteasome. Acetylation, by linking DNA synthesis function of chromatin-bound PCNA to its removal and degradation, provides a novel mechanism to avoid excessive retention of PCNA on chromatin, that is dangerous for genome stability ([@B34]).

![Schematic representation of PCNA acetylation after DNA damage. PCNA is acetylated (at residues indicated by dots) by CBP and p300 upon loading to DNA. After completion of DNA synthesis, acetylated PCNA is unloaded and is then recognized by molecular machinery for proteasomal degradation.](gku533fig9){#F9}

SUPPLEMENTARY DATA {#SEC6}
==================

[Supplementary Data](http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gku533/-/DC1) are available at NAR Online.

###### SUPPLEMENTARY DATA

We are grateful to A. Musacchio (IEO, Italy) for plasmid expressing GFP-histone H2B; A. Harel-Bellan (CNRS, France) and I. Lemasson (East Carolina University, USA), for plasmids expressing GST-fusion CBP fragments; J.M. Sedivy (Brown University) for LF-1 fibroblasts, and M. Stefanini (IGM-CNR, Italy) for XPA and XPG fibroblasts; M. Diederich (LBMCC, Luxembourg) for gift of curcumin. We thank P. Vaghi (Centro Grandi Strumenti, Università di Pavia) for help in confocal microscopy analysis.

FUNDING {#SEC7}
=======

Associazione Italiana Ricerca sul Cancro (AIRC) \[IG 5126, IG 11747 to E.P.\]. Funding for open access charge: Associazione Italiana Ricerca sul Cancro.

*Conflict of interest statement*. None declared.
